Staphylococcal food poisoning is a gastrointestinal disorder caused by the consumption of food containing Staphylococcal enterotoxins. Staphylococcal enterotoxin A (SEA) is the most common enterotoxin recovered from food poisoning outbreaks in the USA. In addition to its enteric activity, SEA also acts as a potent superantigen through stimulation of T cells, although less is known about its interactions than the superantigens SEB, SEC and toxic shock syndrome toxin-1. To understand more about SEA:receptor interactions, and to develop toxindetection systems for use in food testing, we engineered various SEA-binding receptor mutants. The extracellular domain of the receptor, a variable region of the beta chain (Vb22) of the T-cell receptor, was engineered for stability as a soluble protein and for high affinity, using yeastdisplay technology. The highest affinity mutant was shown to bind SEA with a K d value of 4 nM. This was a 25 000-fold improvement in affinity compared with the wild-type receptor, which bound to SEA with low affinity (K d value of 100 mM), similar to other superantigen:Vb interactions. The SEA:Vb interface was centered around residues within the complementarity determining region 2 loop. The engineered receptor was specific for SEA, in that it did not bind to two other closely related enterotoxins SEE or SED, providing information on the SEA residues possibly involved in the interaction. The specificity and affinity of these high-affinity Vb proteins also provide useful agents for the design of more sensitive and specific systems for SEA detection.
an N-terminal, beta-barrel containing domain and a C-terminal domain that consists of a beta-grasp motif and an alpha helix which spans the center of the structure (Fields et al., 1996; Sundstrom et al., 1996a,b; Li et al., 1998 , Petersson et al., 2002 . In addition to their role as potent gastrointestinal toxins, S.aureus enterotoxins also mediate many hyper-inflammatory reactions associated with skin diseases, pneumonia, endocarditis and toxic shock, by acting as 'superantigens'. The term superantigen was given to these toxins because their hyperinflammatory properties are related to their ability to stimulate a very large fraction of the body's T cells, as compared with conventional peptide-major histocompatibility complex (MHC) antigens, resulting in massive release of inflammatory cytokines (Marrack and Kappler, 1990; Fraser and Proft, 2008) . The mechanisms of this hyper-inflammatory process is now well known, involving the binding of the enterotoxins to the Vb region of the T-cell receptor (TCR) (Fields et al., 1996; Li et al., 1998; Moza et al., 2007; Fernandez et al., 2011) and also to a class II MHC product on an antigen-presenting cell. This trimolecular interaction leads to the stimulation of a large fraction (e.g. 20%) of T cells because of the limited number of Vb genes in human T-cell repertoire.
Characterization of various S.aureus-mediated food poisoning outbreaks throughout the world has indicated that the presence of Staphylococcal enterotoxin A (SEA) in food was most often associated with the illness (Evenson et al., 1988; Levine et al., 1996; Miwa et al., 2001; Asao et al., 2003; Ikeda et al., 2005) . It has been estimated that the dose of SEA that is capable of causing the disease was a few hundred nanograms per individual (Evenson et al., 1988; Balaban and Rasooly, 2000) . Although SEA was the first S.aureus enterotoxin discovered, from a strain isolated from a food poisoning outbreak (Bergdoll et al., 1959; Chu et al., 1966) , the details of its interaction with its cognate Vb receptor are largely unknown.
It is clear that other superantigens interact with their cognate Vb receptors with low affinity (K d in micromolar range) (Malchiodi et al., 1995; Khandekar et al., 1997; Andersen et al., 2001) . In the present study, we have analyzed the binding of SEA to its cognate Vb receptor (human Vb22) and we have engineered soluble forms of both the wild-type receptor and a high-affinity human Vb22. The approach followed several recent studies in which yeast surface display was coupled with mutagenesis and superantigen-binding selections to isolate mutants of various Vb proteins (mouse Vb8, human Vb2), that were stabilized for expression as soluble proteins, and that had enhanced affinity for SEB, SEC or toxic shock syndrome toxin-1 (TSST-1) (Kieke et al., 2001; Buonpane et al., 2005; Buonpane et al., 2007; Wang et al., 2010; Mattis et al., 2013) . These engineered Vb proteins also enabled the structural characterization of their interactions with the cognate enterotoxin , as well as studies on the molecular basis of affinity improvement .
Based on earlier studies showing that human T cells expressing the Vb22 region were selectively expanded when stimulated by SEA (Llewelyn et al., 2006) , we expressed human Vb22 in the yeast-display system. As with other Vb domains, the wild-type Vb22 was not expressed well on the surface of yeast. However, we selected for increased expression among random Vb22 point mutants, and identified several framework mutations in Vb22 that enabled surface expression, and soluble expression. Like other superantigen:Vb interactions, the Vb22:SEA interaction had low affinity (K d ¼ 100 mM). Affinity engineering by selection from a collection of sitedirected Vb22 libraries revealed the importance of the complementarity determining region 2 (CDR2) region of Vb22 in its interaction with SEA. Mutations in CDR2 alone were capable of increasing the SEA affinity by 25 000-fold. The highest affinity mutant bound to SEA with a K d value of 4 nM, and exhibited a high level of specificity for SEA. The results provide insight into the mode of interaction of Vb22 with SEA, and the affinity-engineered Vb22 represents a small specific protein domain that can be used in more sensitive detection platforms for SEA.
Materials and methods

Cloning and expression of human Vb22 on yeast cell surface
The gene encoding human Vb22, synthesized and codon optimized for expression in both Escherichia coli and Saccharomyces cerevisiae (Genscript USA Inc.), was subcloned as an Aga-2 fusion (under the control of GAL1 promoter) into yeast display vector pCT302 that contains an N-terminal hemagluttinin (HA) and a C-terminal myc (c-myc) tag (Fig. 1A) . AGA-2 is a yeast mating agglutinin protein and allows the expression of the protein of interest on the yeast cell surface as a fusion protein (Boder and Wittrup, 1997) . Expression was induced by growth of yeast cells in medium containing galactose at 208C for 36-48 h. Surface expression was analyzed by flow cytometry.
Construction of random mutagenesis library and selection
Error-prone polymerase chain reaction (PCR) was used to generate PCR products with random mutations, which were then electroporated into the S.cereivisiae EBY100 strain, along with NheI and XhoI digested pCT302 vector (Richman et al., 2009) . The library in yeast was generated by homologous recombination, followed by expansion in SD-CAA (Trp 2 ) media to allow the growth of yeast cells that were transformed with pCT302 vector. After induction, the yeast library was incubated with anti-Vb22 antibody (Clone: IMMU546, Beckman Coulter) for 1 h on ice. Cells were then washed with 0.5 ml phosphate-buffered saline (containing 0.5% bovine serum albumin), followed by incubation with goat anti-mouse IgG F(ab 0 )2 Alexa Fluor 488 or 647 secondary antibody (Invitrogen). Several rounds of selection were performed using a fluorescence-activated cell sorting (FACS) Aria cell sorter (BD Bioscience). Individual yeast clones obtained after plating of sorted cells on selective medium, were subjected to flow cytometry analysis with anti-Vb22 antibody, anti-HA antibody (Clone HA.11, Covance) and anti-c-myc antibody (Invitrogen), followed by incubation with secondary antibody. Selected clones were subjected to thermostability analysis by incubating cells at higher temperatures (up to 808C for 30 min) before incubation with anti-Vb22 antibody. 
Construction of yeast-display libraries and mutagenesis
Thermostable Vb22 mutants obtained from the error-prone library were used as templates for site-directed mutagenesis libraries. Degenerate primers were used to introduce diversity in CDR2 region of Vb22. PCR products were electroporated into EBY100, along with NheI and XhoI digested pCT302 vector for generation of three 4-codon libraries by homologous recombination. Site-directed mutations were generated at residues 30, 49 and 52 using Quikchange Lightning Kit (Stratagene) as described by the manufacturer.
Screening of yeast-display libraries
Yeast-display libraries were mixed in equal proportion and subjected to several rounds of flow sorting-based selection, with decreasing concentrations of biotinylated-SEA (Toxin Technology, Inc.) (1 mM to 10 nM) followed by staining with Streptavidin Alexa Fluor 488 or 647 conjugate (Invitrogen) at dilution. Individual yeast clones were isolated and analyzed by DNA sequencing and by flow cytometry for protein expression and SEA binding.
Expression of soluble Vb proteins in E.coli
Specific Vb22 mutants were subcloned into a pET28a expression vector (Novagen) for protein expression in E.coli BL21 (DE3) cells as inclusion bodies. Proteins were refolded (by slow dilution) from denatured inclusion bodies, followed by affinity purification with Ni agarose resin (Qiagen) and HPLC (Biocad Sprint) using a Superdex 200 (GE Healthcare) size-exclusion column as described previously .
Binding of soluble Vb proteins to SEA
Binding of soluble Vb to SEA was examined by enzymelinked immunosorbent assay (ELISA) and surface plasmon resonance (SPR). For ELISA, soluble Vb22 mutant proteins were coated on ELISA wells (5 mg/ml), followed by incubation with varying concentrations of biotinylated-SEA and by streptavidin-conjugated horseradish peroxidase (HRP) enzyme. Bound SEA was detected by measuring colorimetric product formed (A 450nm ) upon addition of 3, 3 0 , 5, 5 0 -Tetramethylbenzidine (TMB) substrate (KPL, Inc.). Affinity constants and kinetic parameters for Vb:SEA binding were determined by SPR using a Biacore T100 instrument (GE Healthcare). 500RU of recombinant, unlabeled SEA was immobilized on a CM5 sensor chip. Various concentrations of soluble Vb proteins were injected over the sensor surface and response was recorded. Global kinetic fits of the data were performed using the BiaEvaluation 4.1 software.
ELISA-based analysis for detection of unlabeled SEA, and for cross-reactivity with other superantigens
To measure binding of unlabeled SEA, an SEA detection assay was used in a 'capture ELISA' format wherein soluble Vb22 mutant proteins, coated on ELISA wells (5 mg/ml), and were used to capture various concentrations of recombinant, unlabeled SEA. This was followed by incubation with anti-SEA (rabbit whole antiserum) (Sigma-Aldrich), followed by goat anti-rabbit IgG-HRP (Sigma-Aldrich), and finally TMB substrate to yield a colored product whose absorbance at 450 nm was recorded.
For cross-reactivity studies, induced yeast cells expressing Vb protein on the surface were incubated with a mixture of 100 nM recombinant biotinylated-SEA and various concentrations of non-biotinylated SEA, SED and SEE (Toxin Technology, Inc.) for 1 h on ice. The amount of biotinylated-SEA bound to Vb, was detected using Streptavidin-Alexa Fluor 647 conjugate.
Results
Expression of stable, human Vb22 on the yeast cell surface
The human Vb22 gene was cloned in frame with the yeast cell wall protein Aga-2, with flanking HA and c-myc epitope tags, in the yeast display vector pCT302 (Fig. 1A) . Although yeast cells containing the wild-type Vb22 (wt Vb22) construct showed detectable levels of the HA and c-myc tags, an antibody to the Vb22 region did not detect the fusion on the surface of yeast cells (Fig. 1B, left) . These results suggested that the Vb22 protein was not folded properly, as has been observed with several other Vb domains Buonpane et al., 2005; Weber et al., 2005) .
In order to determine if we could isolate a stable Vb22 protein, we subjected the wt Vb22 gene to random mutagenesis by generating an error-prone PCR library. The library was selected through five rounds of FACS with a saturating concentration of anti-Vb22 antibody. A population of positive cells was selected, and various clones were analyzed by flow cytometry and sequencing. Three different mutants (PS5-1, PS5-2 and PS5-4) that were expressed on the yeast cell surface as detected with the anti-Vb22 antibody were isolated (Fig. 1B , right panel, and data not shown). The levels of HA and c-myc were also increased in these stabilized constructs, indicating a greater number of the fusions were expressed and exported to the cell surface when the Vb22 domain was stabilized.
To further compare the stability of the three unique Vb22 mutants, each was subjected to an irreversible thermal denaturation assay in which yeast cells were incubated at various temperatures, followed by flow cytometry with the anti-Vb22 antibody ( Fig. 1C and D) (Orr et al., 2003) . The 50% melting temperatures of the proteins ranged from 408C (PS5-1) to 608C (PS5-2, PS5-4). The PS5-2 and PS5-4 Vb22 mutants exhibited the highest level of stability (Fig. 1D) .
Sequence analysis of individual Vb22 mutants (Fig. 2) indicated that all three mutants acquired two identical framework mutations, T13A and T82A, suggesting that these mutations were important in stabilization of the Vb22 domain on the yeast surface. The increased stability of PS5-2 and PS5-4 appear to be due to one or more of the following mutations: Q11L (framework), L30S (CDR1) and/or L97Q (CDR3). Interestingly, mutations in the framework regions resulted in substitution of polar amino acids (Thr, Gln and Met) with hydrophobic amino acids (Ala, Leu and Val). In contrast, mutations in CDRs resulted in substitution of a hydrophobic amino acid (Leu) with polar amino acids (Ser and Gln). Protein modeling and structural comparison with other Vb domains indicated that the mutations in framework regions were located on the face opposite the antigen binding face of the Vb (CDRs) (Supplementary Fig. S1 ). It is interesting to note that mouse Vb8.2 and human Vb2.1, which have been crystallized in complex with SEB (and SEC3) and TSST-1, respectively, also contain hydrophobic residues at position 13 (Ala/Val) and position 82 (Ala).
Generation of high-affinity, SEA-binding Vb22 mutants by directed mutagenesis
Binding analysis by flow cytometry indicated that the stabilized Vb22 mutant, PS5-1 bound to biotinylated-SEA with low affinity (K d . 1 mM), which is the detection limit of this technique (Fig. 3A) . In order to engineer Vb22 mutants for higher SEAbinding affinity, stabilized Vb22 mutants PS5-1, PS5-2 and PS5-4 were used as templates for various site-directed mutant libraries. In the absence of a crystal structure of the SEA:Vb complex, we elected to start by generating libraries in the CDR2, which is known to be central in the binding of other superantigens to their cognate Vb receptors (Fields et al., 1996; Li et al., 1998; Fernandez et al., 2011; Nur-ur Rahman et al., 2011) . Three CDR2-directed mutagenesis libraries were generated, each in a contiguous stretch of four amino acids (Fig. 3B) . The three libraries, consisting of 2 Â 10 7 independent clones each, were combined and subjected to consecutive rounds of sorting with decreasing concentrations of biotinylated-SEA. As expected, incubation of the pre-sorted CDR2 libraries with 1 mM biotinylated-SEA did not yield detectable staining (Fig. 3C, left) . However, a distinct population of cells that bound to 10 nM SEA was obtained after the seventh sort (Fig. 3C, right) .
Various clones from the sorted CDR2 libraries were analyzed by flow cytometry and sequenced. Four different mutants, designated PS7-1, PS7-2, PS7-4 and PS7-6, were verified to have improved binding of biotinylated-SEA, compared with the stabilized Vb22 mutant, PS5-1 (Fig. 3D) . The binding to biotinylated-SEA was inhibited with unlabeled SEA (see below), indicating that the binding was not due to biotin. Sequence analysis (Fig. 2) indicated that all the mutants retained the conserved T13A and T82A stabilizing mutations. The PS7-1 mutant was derived from the 50-53 CDR2 library, whereas PS7-2, PS7-4 and PS7-6 were all derived from the 49-52 CDR2 library. The latter three mutants also retained the CDR1 mutation, L30S, that was important in surface expression and stability as shown by its introduction into mutant PS7-1 and staining with either SEA (Fig. 4) or anti-Vb22 (Supplementary Fig. S2 ). Fig. 2 . Sequences of various Vb22 mutants. PS5-1, PS5-2 and PS5-4 represent stabilized Vb22 mutants isolated from error-prone library. These mutants were used as templates to generate CDR2 libraries used to isolate four different mutants, PS7-1, PS7-2, PS7-4 and PS7-6, after sorting multiple rounds with biotinylated-SEA. Two mutations (F49M and L30S) were introduced into PS7-1 to yield the mutant designated FL. Mutated residues are in bold; CDR regions are highlighted.
Importance of Vb CDR2 mutations in high-affinity SEA binding
Conservation in the mutations (F49M, Y50S/A, N51Y, N52E/ G and E53D) isolated among the four isolates suggested that they were important in high-affinity binding. In order to study the roles of several of these mutations in SEA binding, further mutagenesis studies were conducted. Since the PS7-1 mutant lacked the F49M mutation, we reasoned that its incorporation into PS7-1 might increase its affinity further. Although the maximum surface levels of PS7-1 and PS7-1-F49M were similar, and below that of L30S mutant, the F49M mutation, resulted in a modest increase in affinity, from 30 to 10 nM, for PS7-1 and PS7-1-F49M, respectively (Fig. 4B) . As indicated, the introduction of the stabilizing mutation L30S into PS7-1 increased its surface expression significantly (Fig. 4B ) and also had a modest effect on affinity (from 30 to 20 nM, for PS7-1 and PS7-1-L30S, respectively). Accordingly, the F49M and L30S mutations were both incorporated into PS7-1 to yield the mutant called 'FL'. SEA-binding titrations of FL compared with PS7-1 (Fig. 4A and B) indicated that the FL mutant exhibited both higher maximum median fluorescence unit (MFU) for SEA binding (higher surface levels) and an increase in binding affinity compared with PS7-1 (Fig. 4B) .
Staining of the mutants with anti-Vb22 antibody supported the finding that the F49M mutation caused a modest increase in surface expression, whereas the L30S mutation yielded a more significant increase ( Supplementary Fig. S2 ). Thus, the FL mutant appears to exhibit both the higher surface levels and higher affinity compared with PS7-1, with an estimated apparent K d of 15 nM.
The PS7-1 mutant contained the N52E mutation, whereas the PS7-2,-4,-6 mutants contained the N52G mutation. To examine the role of position 52 in the high-affinity state, we generated an E52G mutation in PS7-1, and the G52E mutation in the three PS7-2,-4,-6 mutants. These four mutants were examined by flow cytometry with 10 nM SEA and each of the reciprocal mutations showed a loss of SEA binding, to background levels ( Supplementary Fig. S3 ). Thus, the glutamate at position 52 in PS7-1 and the glycine at the same position in PS7-2, PS7-4 and PS7-6 are important residues for SEA binding, but within the context of the surrounding mutations in these clones.
Finally, we suggest that the presence of the identical Y50A mutation in PS7-1 and PS7-2 may indicate a requirement for space at this position in order to accommodate the conserved tyrosine mutation at position 51. Further, the importance of an acidic residue at position 53 was exemplified by the fact that the wild-type residue is a glutamate (and present in PS7-2,-4,-6), whereas in PS7-1 it was mutated to aspartate. Accordingly, the overall charge of the CDR2 loop in PS7-1 increased to -2, compared with wt Vb22 and the other Vb22 mutants. This could contribute to improved electrostatic interactions with SEA, and/or the greater protein surface charge may enhance stability.
Expression of soluble human Vb22 protein and SEA-binding analysis
Previous studies have indicated that mutants expressed at higher levels on the surface of yeast are also expressed at higher levels in secretion or refolding systems Weber et al., 2005; Jones et al., 2006) . In order to study the SEA-binding properties of Vb22, several of the Vb mutants (PS5-1, PS7-1 and FL) were expressed in inclusion bodies in E.coli, solubilized, refolded and subjected to gel filtration. The proteins expressed and refolded from E.coli migrated on an sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS -PAGE) gel at the expected molecular weight of about 13 kDa (Fig. 5A and data not shown) .
Binding of the soluble Vb proteins to SEA was studied by ELISA and SPR. The format of the ELISA titrations do not allow an accurate K d determination due to washes in between detection, but a minimum K d value for proteins that have adequate dissociation kinetics can be estimated. From these results, the soluble, monomeric PS5-1 protein (equivalent to the wild-type SEA-binding domain, with the stabilizing mutations for expression) did not bind detectably (Fig. 5B ). In contrast, the soluble, monomeric high-affinity mutants PS7-1 and FL bound to SEA with minimum estimated K d values of 55 + 20 and 30 + 5 nM, respectively (Fig. 5B) . The PS5-1 and FL mutants were also analyzed by SPR. Based on SPR equilibrium measurements, the K d value of the PS5-1 protein was 100 mM (Fig. 5C ), similar to the low affinities of other superantigens for their Vb regions. The SPR-based measurement of the K d value for the FL mutant was 4 nM, a 25 000-fold improvement in affinity (Fig. 5D) .
The affinity of the FL Vb protein allows one to use it as a probe for detection of SEA in samples. Accordingly, we developed a capture ELISA assay for detection of SEA, in which immobilized high-affinity FL mutant was used to capture unlabeled SEA. Polyclonal anti-SEA was then added to detect the bound SEA. Without any optimization, this assay detected SEA at a concentration of 1 -10 nM ( 100 ng/ml) (Fig. 5E ).
Specificity of superantigen binding by Vb22 mutant FL
Since the SEE and SED toxins are in the same group as SEA, and exhibit 83 and 48% sequence identity with SEA, respectively, we assessed cross-reactivity of the Vb22 FL mutant with these related enterotoxins. For this purpose, we used a competition assay with yeast cells that expressed the FL mutant. In this assay, biotinylated-SEA was incubated with various concentrations of unlabeled recombinant SEA, SED or SEE and the mixture was added to the FL-yeast cells. Bound biotinylated-SEA was detected with streptavidin-PE by flow cytometry. SEA was able to completely inhibit the binding at higher concentrations, and detectable inhibition was observed at concentrations as low as 5 nM. In contrast, binding (competition) of SED and SEE by the FL mutant was not detected even at the highest concentration, 500 nM (Fig. 6 ). This result suggests that the Vb22 FL mutant exhibits a high level of specificity for SEA.
Discussion
Among the various exotoxins secreted by S.aureus, enterotoxin A has been most often associated with food poisoning outbreaks involving S.aureus (Evenson et al., 1988; Levine et al., 1996; Miwa et al., 2001; Asao et al., 2003; Ikeda et al., 2005) . For this reason, there has been interest in developing rapid, sensitive assays for food safety testing. However, SEA is also known to act as a superantigen, inducing hyperinflammatory reactions in conditions such as endocarditis and toxic shock (McCollister et al., 1990; Ellis et al., 2003) . In the present study, our goal has been to understand more about the molecular interactions involved in the superantigen activities, but the engineered, high-affinity receptors developed in this effort also have dual use as specific, sensitive detecting agents.
Like other superantigens, the mechanism by which SEA exerts hyper-inflammatory effects involves the simultaneous binding of the enterotoxin to class II MHC molecules on antigen-presenting cells and to the Vb domain of the TCR present on T cells. Co-crystallization of other S.aureus superantigens with Vb receptors has revealed different topologies of binding (Fields et al., 1996; Li et al., 1998; Moza et al., 2007; Fernandez et al., 2011) , but in each case the center of the interface has involved CDR2 (Nur-ur Rahman et al., 2011) . Thus, our efforts with the cognate receptor for SEA, Vb22, focused our initial libraries on this CDR2 loop. If we had not isolated higher affinity variants within these libraries, we might have concluded that the Vb22:SEA interaction differs substantially from other superantigens (SEB, SEC, TSST-1 and SpeA), for which we have uniformly isolated higher affinity Vb variants from CDR2 libraries (Kieke et al., 2001; Buonpane et al., 2005; Buonpane et al., 2007; Wang et al., 2010; Mattis et al., 2013) . However, we were able to isolate CDR2 mutants with up to a 25 000-fold improvement in affinity, supporting the notion that this CDR2 loop of Vb22 also resides at the interface of its interaction with SEA.
Unlike many V H domains, Vb domains are typically unable to be expressed in soluble form, or on the surface of yeast Buonpane et al., 2005) . We have suggested that one of the key reasons for this is that Vb residues that are (E) Capture ELISA to detect unlabeled SEA. Soluble Vb22 mutant proteins were coated on the ELISA plates at 5 mg/ml. This was used to capture various concentrations of recombinant, unlabeled SEA. Bound SEA was detected with anti-SEA antibody (whole antiserum, rabbit), followed by goat anti-rabbit IgG-HRP. High-affinity SEA receptors normally buried at the interface with the constant region domain of the b-chain, are destabilized when exposed in the isolated Vb domain. Consistent with this suggestion, the Vb22 domain shown here was more stable on the surface of yeast when several key mutations were made in the region opposite the CDR (Supplementary Fig. S1 ), where the b-chain constant region would normally be located. Somewhat surprisingly, these stabilizing mutations in the framework of Vb22 were substitutions to hydrophobic residues. One might have predicted for a region that is normally buried (e.g. at the Vb:Cb interface) the residues would prefer to be more hydrophilic when exposed. Interestingly, although, some other Vb regions do normally contain similar or identical same amino acid residues identified here in the mutated Vb22 domains.
The yeast surface levels of the Vb22 domain were also increased, irrespective of SEA binding, by two CDR loop mutations, L30S and L97Q. L30S was shown especially to have a significant effect on the total surface levels of Vb22 protein. These changes may act by increasing the hydrophilicity of these exposed loops. We have shown previously that CDR1 mutations also had a significant effect on stabilization of a Va:Vb single-chain TCR (Weber et al., 2005) , and other Va or Vb domains have also been stabilized through CDR mutations (Richman et al., 2009) .
The low affinity of SEA for the stabilized Vb22 domain (K d value of 100 mM) is similar to that measured for other superantigen interactions such as SEB:Vb8.2 (Malchiodi et al., 1995; Buonpane et al., 2007) . Despite this low affinity, superantigens are capable of potent activity in part because only a small fraction of the surface TCRs on a T cell needs to be bound in order to trigger activity (Schodin et al., 1996) . In addition, ternary interactions with Vb and class II MHC can further stabilize the active complex (Andersen et al., 1999) . Thus, SEA appears to follow the same principles of lowaffinity interactions with the TCR as with other superantigens.
The structural basis of how high-affinity Vb22 mutants bind to SEA remains to be determined, but it is interesting that the two adjacent aromatic residues at positions 49 and 50 in the wild-type V region, were both mutated to other residues (Met and Ala, respectively), whereas the adjacent residue at 51 was mutated to an aromatic residue (Tyr). These substitutions may allow optimal positioning of the Tyr51 side chain for stacking interactions with SEA. Additional mutations at 52 and 53 in the FL mutant yielded two adjacent negative charged residues (N52E and E52D), which could play a role in enhanced electrostatic interactions with SEA.
The putative TCR binding site on SEA has been proposed to include T21, N25, Y94, Y205, N207 and T208 (Hudson et al., 1993; Mollick et al., 1993; Swaminathan et al., 1995; Antonsson et al., 1997) . These residues are closely located in the tertiary structure of SEA ( Supplementary Fig. S1 ), and could form the binding site for Vb. The aromatic residue (Y51) in the CDR2 region of FL could potentially be involved in p-stacking interactions with Y94 or Y205 from SEA. The only positions within or near these six SEA residues that differ between SEA and both SED and SEE are positions 206 and 207 (Fig. 7) . Interestingly, both SED and SEE have negatively charged residues at position 207, which could pose an electrostatic repulsion with negative charges (residues 52 and 53) in the Vb22 FL mutant's binding site.
Finally, the Vb22 protein FL, with a 25 000-fold increase in affinity for SEA compared with the wild-type Vb, was capable of being expressed, purified and immobilized as a detection agent for SEA. We propose that this engineered, high-affinity Vb22 mutant protein can be used in the development of a highly specific detection system for SEA, perhaps as a constituent in a multiplex system for simultaneous detection of multiple toxins in food (Tallent et al., 2013) .
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